A magnetosonic shock wave propagating obliquely to an external magnetic field can trap and accelerate electrons to ultrarelativistic energies when v sh is close to c cos θ, where v sh is the propagation speed of the shock wave, c is the light speed, and θ is the propagation angle of the shock wave. Because of instabilities driven by the trapped electrons, some electrons can be detrapped from the main pulse retaining their high energies and can then be further accelerated to higher energies as a result of their gyromotions. The dependence of electron motions on the parameters v sh and θ is investigated by two-dimensional electromagnetic particle simulations with full ion and electron dynamics. If θ is fixed, electron energies become maximum when v sh is slightly smaller than c cos θ. If the value of v sh /(c cos θ) is fixed, the maximum energy of electrons tends to increase with decreasing θ for the range v sh /(c cos θ) < 1. The number of electrons that are detrapped to the upstream region and suffer the subsequent acceleration is also examined.
Introduction
Particle simulations have revealed [1] that prompt electron acceleration to ultrarelativistic energies can occur in a magnetosonic shock wave propagating obliquely to an external magnetic field with a propagation speed v sh close to c cos θ, where c is the light speed and θ is the propagation angle of the shock wave. In such a wave, some electrons can be reflected near the end of the main pulse of the shock wave. (If the damping is small, the shock wave approximates a train of solitons. We call the first leading pulse, the main pulse.) Then, the reflected electrons become trapped and are energized in the main pulse region. The energies of accelerated electrons increase as the external magnetic field becomes stronger.
Recently, it has been shown that multi-dimensional effects can significantly influence electron motions in an oblique shock wave [2, 3] . One-dimensional (1D) simulations demonstrated that once electrons become trapped in the main pulse, they cannot readily escape from the wave [4] . However, two-dimensional (2D) simulations showed that after trapping and energization in the main pulse, some electrons can be detrapped from the main pulse, retaining their ultrarelativistic energies. Further, the electrons detrapped to the upstream region can be accelerated to much higher energies by the mechanism reported in Ref. [5] for accelerating fast ions. The detrapping is caused by 2D electromagnetic fluctuations along the shock front excited by trapped electrons [2] .
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The above 2D simulations were performed for the case in which v sh 0.95c cos θ and the Alfvén Mach number M A = 2.3. In this paper, we study how the motions in an oblique shock wave depend on the parameters v sh and θ using a 2D relativistic electromagnetic particle code with full ion and electron dynamics.
Electron Motion in an Oblique
Shock Wave
We present some theoretical expressions for electron motions in an oblique shock wave. We assume that a shock wave propagates in the x-direction with a constant speed v sh in an external magnetic field in the (x, z) plane, B 0 = B 0 (cos θ, 0, sin θ). Assuming that the shock wave is 1D and stationary, we can write the maximum Lorentz factor of electrons trapped in the main pulse as [6] 
where Ω e (< 0) and ω pe are the electron gyro frequency and plasma frequency, respectively, in the upstream region, and v sh is defined by
The theory (1) was derived under the condition that v sh is smaller than unity. This theory is in good agreement with 1D simulation results [6] . The theoretical analysis also showed that relative velocity between the guiding center of the trapped electrons and the shock wave can be written as [6] 
This indicates that electrons cannot readily escape from the main pulse when v sh c cos θ because v x 0. Equation (3) was extended to include 2D and nonstationary effects as [7] 
Here, δ f l2 is due to 2D fluctuations of electromagnetic fields defined as
whereĒ andB are E and B averaged along the y-direction. We callĒ andB 1D fields. Nonstationarity of the 1D field produces δ f l1 . When the shock wave is 1D and stationary (δ f l1 = δ f l2 = 0), Eq. (4) Electrons detrapped to the upstream region can reenter the shock wave because of their gyromotions if the electron gyroradii are large enough. Then, they are accelerated to higher energies by the mechanism discussed in Ref. [5] for fast ions. That is, the electrons are accelerated by the transverse electric field E y in the shock wave because the gyromotions are antiparallel to E y . The energy increases once in the gyroperiod; the increment of γ is theoretically given by [5] δγ ∼ αv ⊥ γ,
where α is a constant.
Simulation Method and Parameters
We use a 2D (two spatial coordinates and three velocity components) relativistic electromagnetic particle code with full ion and electron dynamics. The system size is L x × L y = 16384Δ g × 512Δ g , where Δ g is the grid spacing. The total number of simulation particles is N 1.1 × 10 9 . We follow the orbits of 2.1 ×10 6 electrons, which we call 2Ds electrons. For comparison, we calculate test particle motions in the 1D fields,Ē(x, t) andB(x, t), obtained in the 2D simulation. We denote these test electrons as 1Dt electrons. The number of 1Dt electrons is the same as that of 2Ds electrons. The initial positions and velocities of the 1Dt electrons are exactly the same as those of the 2Ds electrons.
The ion-to-electron mass ratio is m i /m e = 400; although the real value of m i /m e ( 1836) is desirable, we chose a smaller one because of limited computer power. The speed of light is c/(ω pe Δ g ) = 4.0, and the electron and ion thermal velocities in the upstream region are v Te /(ω pe Δ g ) = 0.5 and v Ti /(ω pe Δ g ) = 0.025, respectively. The external magnetic field in the (x, z) plane is B 0 = B 0 (cos θ, 0, sin θ), and its strength is |Ω e |/ω pe = 5 in the upstream region.
In Ref. 3 , the results for θ = 54
• , v sh = 0.95c cos θ, and M A = 2.3 were presented. In this study, we perform simulations for various values of v sh and θ and study the parametric dependence of electron motions.
v sh Dependence
We firstly present the results for θ = 54
• and v sh = 0.90c cos θ. Figure 1 shows the electron phase space plots (x, γ) and the profile ofB z (x) at ω pe t = 4500. The color indicates the number density n in the (x, γ) plane. In the lower panel, 1Dt electrons are trapped and energized in the main pulse region. However, in the upper panel, energetic 2Ds electrons are distributed over a wide region from downstream to upstream of the shock wave. Some of them are detrapped from the main pulse after being energized in the pulse. The maximum γ of the 2Ds electrons is higher than that of the 1Dt electrons. Figure 2 shows typical orbits for two 2Ds electrons. Both electrons are trapped in the main pulse and then escape from it to the upstream region retaining their high energies. The particle shown in Fig. 2 (a) is detrapped at ω pe t 2500. It then reenters the shock wave as a result of its gyromotion and is accelerated to a higher energy by the transverse electric field E y in the shock wave; the energy increases once in the gyroperiod. This process was repeated several times, and γ rised stepwise. The particle shown in Fig. 2 (b) also departs from the main pulse at ω pe t 2500. However, it does not gain energy after detrapping and moves away from the pulse without reentering it. Compared to electron (a), electron (b) has smaller γ (hence, smaller gyroradius) when it escapes from the main pulse. As a result, electron (b) does not reenter the shock wave.
In this paper, we do not consider electrons detrapped to the downstream region. Such electrons move backward relative to the main pulse and their γ-values oscillate with the gyroperiod [2] ; γ decreases when the gyromotion is parallel (antiparallel) to E y that is positive in the downstream region. Therefore, the net increase in γ after detrapping is almost zero.
We now consider the dependence of electron motions on v sh . Figure 3 shows maximum values of γ, denoted by γ m , for 2Ds electrons (red circles) and 1Dt electrons (blue circles) at ω pe t = 4500 as functions of v sh given by Eq. (2). The solid line represents the theory (1), which was derived under the assumption that a shock wave is 1D and stationary. This theory is in good agreement with the γ m -values of 1Dt electrons for the range of v sh < 1. The values of γ m for 2Ds electrons are greater than those of for Figure 4 (b) shows the number of electrons that reenter the shock wave after detrapping to the upstream region and are then accelerated to higher energies, N re . Here, N re is normalized to N d−u and the values for v sh > 1 are not plotted. The ratio N re /N d−u decreases as v sh decreases from unity. Figure 4 (c) shows N tr for 2Ds electrons (black line) and 1Dt electrons (gray line) normalized to the number of electrons that encountered the shock wave N enc . This indicates that electron trapping is enhanced by 2D fluctuations [3] . As shown in Fig. 4 (d) , the amplitudes of 2D fluctuations |δ f l2 | (black line) are greater than those of 1D fluctuations |δ f l1 | (gray line), where δ f l1 and δ f l2 are defined by Eq. (5) and the values are averaged over the period from ω pe t = 1000 to 4500.
θ Dependence
In this section, we present results for the cases of θ = 46
• and 65
• in addition to θ = 54
• . Figure 5 shows maximum γ of electrons, γ m , at ω pe t = 4500 and the increment of γ m , Δγ m , from ω pe t = 3000 to 4500 as functions of v sh for θ = 46 (1) and (8). Equation (1) suggests that if the value of v sh is fixed, γ-values of electrons trapped in the main pulse would increase with decreasing θ. Hence, for smaller θ, electrons could have greater γ-values when they depart from the main pulse. Then, a large fraction of detrapped electrons can reenter the shock wave because of their large gyroradii and can be accelerated to higher energies. According to Eq. (8), the increment in γ due to this process would be enhanced as γ increases. Therefore, we can expect that γ m , Δγ m , and N re /N d−u would increase as θ decreases, which is consistent with the results for the range v sh < 0.94. However, for the range of v sh > 0.94, the simulation results are not consistent with the above equations; γ m -values for θ = 46
• are smaller than those for θ = 54
• . Figure 6 
Summary and Discussion
We use a 2D relativistic electromagnetic particle code with full ion and electron dynamics to study electron motions in an oblique shock wave; the study includes trapping in the main pulse, detrapping from the pulse to the upstream region, and subsequent acceleration as a result of gyromotion. We performed simulations for the cases of various values of v sh and θ = 46
• , 54
• , and 65
• . If θ is fixed, the electron γ becomes maximum at v sh slightly smaller than c cos θ. If the value of v sh /(c cos θ) is fixed, γ tends to increase as θ decreases, for the range v sh /(c cos θ) < 0.94. We examined the number of accelerated electrons. In this paper, we set |Ω e |/ω pe = 5 and m i /m e = 400. These parameters can influence the structure of a shock wave and electron motions in it. The Alfvén Mach number of a shock wave with v sh c cos θ is written as M A (m i /m e ) 1/2 (ω pe /|Ω e |) cos θ.
As shown in Fig. 6 , the electron detrapping to the upstream region was suppressed when v sh > 0.95 and θ = 46 • , for which M A > 3. When |Ω e |/ω pe = 6, M A is reduced to 2.3 for θ = 45
• and v sh 0.95. The 2D simulation for this case clearly demonstrated that electron detrapping to the upstream region and subsequent acceleration occur [7] . (For the case |Ω e |/ω pe = 3, θ = 45
• , and m i /m e = 100, electron detrapping and subsequent acceleration were observed for a wave with v sh = 0.95 and M A = 2.3 [2] .) For future work, we intend to investigate the M A dependence of electron motions in detail. In addition, it is desirable to confirm electron detrapping and subsequent acceleration using simulations with the real ion-to-electron mass ratio.
